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We study the impact of neutrino-pair production from the de-excitation of highly excited heavy
nuclei on core-collapse supernova simulations, following the evolution up to several 100 ms after
core bounce. Our study is based on the AGILE-Boltztran supernova code, which features general
relativistic radiation hydrodynamics and accurate three-flavor Boltzmann neutrino transport in
spherical symmetry. In our simulations the nuclear de-excitation process is described in two different
ways. At first we follow the approach proposed by Fuller and Meyer [Astrophys. J. 376, 701
(1991)], which is based on strength functions derived in the framework of the nuclear Fermi-gas
model of non-interacting nucleons. Secondly, we parametrize the allowed and forbidden strength
distributions in accordance with measurements for selected nuclear ground states. We determine the
de-excitation strength by applying the Brink hypothesis and detailed balance. For both approaches,
we find that nuclear de-excitation has no effect on the supernova dynamics. However, we find that
nuclear de-excitation is the leading source for the production of electron antineutrinos as well as
heavy-lepton flavor (anti)neutrinos during the collapse phase. At sufficiently high densities, the
associated neutrino spectra are influenced by interactions with the surrounding matter, making
proper simulations of neutrino transport important for the determination of the neutrino-energy
loss rate. We find that even including nuclear de-excitations, the energy loss during the collapse
phase is overwhelmingly dominated by electron neutrinos produced by electron captures.
PACS numbers: 26.30.Jk, 97.60.Bw, 26.50.+x, 26.30.−k
I. INTRODUCTION
Massive stars end their lifes as supernovae, triggered
by the collapse of their central core. It has long been
recognized that neutrinos play a crucial role for the dy-
namics of the collapsing core [1, 2] and the associated
supernova nucleosynthesis [3]. Once the electron chem-
ical potential gets sufficiently large at densities of order
109 g cm−3, electrons are captured on protons bound in
nuclei [4]. This has the following two important con-
sequences for the collapse dynamics, it reduces the pres-
sure which the relativistic electron gas can supply against
the collapse, and the (electron) neutrinos, which are pro-
duced from weak-interaction processes, leave the star car-
rying away energy and lepton number. In fact, this cool-
ing mechanism keeps the core at relatively low entropies
so that heavy nuclei survive the collapse and are the dom-
inant component of the nuclear composition [5]. With
increasing core density neutrino interactions with matter
become growingly more relevant. Coherent elastic neu-
trino scattering on nuclei [6] leads to neutrino trapping
for densities in excess of about 1012 g cm−3. Inelastic
neutrino scattering on electrons, and to a lesser extent
on nuclei [4], down-scatters neutrinos in energy and ul-
timately leads to the thermalization of the trapped neu-
trinos. Hence in the late stage of the collapse i.e. at
densities in excess of 1012 g cm−3, a Fermi sea of elec-
tron neutrinos is formed in the inner core that effectively
Pauli-blocks further electron captures.
In supernovae weak charged-current reactions produce
electron neutrinos and antineutrinos. Other neutrino
types can only be generated by processes governed by
neutral current; i.e. in the form of neutrino-antineutrino
pairs. In current supernova simulations, neutrino-pair
production is considered via electron-positron annihila-
tion, nucleon-nucleon bremsstrahlung, and the annihila-
tion of trapped electron-neutrino and antineutrino pairs
into heavy-lepton flavor neutrino-antineutrino pairs [7].
It has been argued that the de-excitation of highly ex-
cited nuclei can be the dominant neutrino-pair producing
process in the hot environment of the collapsing core [8]
(for illustration, see Fig. 1(a)). As the presence of the
electron neutrino sea does not block the production of
muon and tau neutrino-antineutrino pairs as well as that
of electron antineutrinos, simultaneously produced in a
pair with a high-energy electron neutrino, nuclear de-
excitation might further reduce the entropy of the col-
lapsing core if the neutrinos produced by the process will
be able to leave the core during the dynamical timescale
of the collapse. Indeed if the produced neutrinos have en-
ergies low enough to leave the stellar core, it is speculated
that the de-excitation process ‘likely acts as a thermostat
for the collapsing core’; i.e. in a self-regulating process
more escaping neutrinos are being produced the hotter
the core temperature [8].
In this manuscript, we report on supernova simulations
which for the first time include the nuclear de-excitation
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FIG. 1: Feynman diagram for the de-excitation of a heavy
nucleus via the emission of a neutrino pair in graph (a).
Schematic diagram in graph (b), for the situation of an ex-
cited heavy nucleus with excitation energy Ei decaying to a
state of lower energy Ef , above the ground state gS. The
quantity △ is the energy difference between initial and final
states.
processes. To this end we evolve a 11.2 M⊙ star [3] from
the presupernova progenitor through the core collapse,
bounce and post-bounce evolution for more than 300 ms.
Our study is based on the AGILE-Boltztran supernova
code, see ref. [9] and references therein for additional de-
tails.
In nuclear de-excitation a highly excited state at en-
ergy, Ei, decays via Z
0 emission to a final state at lower
energy, Ef (for illustration, see Fig. 1(a)). The energy
difference, ∆ = Ei − Ef , between the nuclear states is
shared by the νν¯-pair which is created by the decay of the
Z0 boson. (The situation is illustrated in Fig. 1(b).) For
small values of ∆, the total nuclear strength is dominated
by Gamow-Teller transitions. At higher energy differ-
ences ∆, forbidden transitions will contribute. Modeling
such transitions for an ensemble of thermally excited nu-
clear states at moderate temperatures (T ≈ 1 − 2 MeV)
typical for supernova environment is a challenging prob-
lem. It cannot be solved by current models for the rele-
vant heavy nuclei, due to the extremely high density of
states involved. As a first approach, rates for nuclear
excitation and de-excitation have been estimated on the
basis of the nuclear Fermi gas model; i.e. describing the
nucleus as an ensemble of non-interacting nucleons oc-
cupying a set of shell model orbits [8]. The rates for
up-transitions, i.e. the nuclear excitation via the absorp-
tion of a neutrino pair, obtained in this model have been
recently qualitatively supported based on the interact-
ing shell model [10]. As our first scheme to describe the
de-excitation process in a supernova simulation, we have
adopted the respective rates of ref [8] and have incorpo-
rated them into the supernova AGILE-Boltztran code.
To study the sensitivity of the supernova results on
potential uncertainties in the deexcitation rates we de-
scribe the latter also in an alternative approach. Here
we start from the observation that the relevant Gamow-
Teller (and forbidden) strength is constrained experimen-
tally for selected nuclear ground states showing that the
various strengths is mainly concentrated in strong transi-
tions (the GT and spin-dipole giant resonances). Adopt-
ing Brink’s hypothesis [11], which assumes that the tran-
sition strengths on excited nuclear states is the same as
for the ground state, and exploiting the principle of de-
tailed balance allows us to derive the ‘downwards’ tran-
sition strengths required for modeling the de-excitation
rate from experimentally motivated parametrization of
the Gamow-Teller and forbidden ground state strengths.
The paper is organized as follows. In sec. II we re-
view our core-collapse supernova model, and in sec. III
we discuss the implementation of new rates for electron-
captures on heavy nuclei as well as the neutrino-pair-
production from nuclear de-excitation. In sec. IV, we
apply these new weak rates in core-collapse simulations
and discuss the results. We close the manuscript with a
summary in sec. V.
II. CORE-COLLAPSE SUPERNOVA MODEL
Our core collapse supernova code, AGILE-Boltztran,
is based on general relativistic radiation hydrodynamics
and three-flavor Boltzmann neutrino transport in spher-
ical symmetry (for details, see ref. [9] and references
therein). The set of weak processes that we consider in
our supernova simulations are listed in Table I, including
the references which we have used. The charged-current
processes (1) and (2) as well as the elastic scattering re-
action (4) are important in regions where the composi-
tion is dominated by nucleons. The charged-current re-
actions with nucleons are treated in the zero-momentum
transfer approximation [12, 13]. Electron-positron anni-
hilation (7) dominates the production of neutrino pairs
at low and intermediate densities, while nucleon-nucleon
Bremsstrahlung becomes important at higher densities,
around a tenth of normal nuclear matter density. We
also include the annihilation of trapped electron neutrino
pairs (process (9) in Table I). Inelastic neutrino scatter-
ing on electrons and positrons, reaction (6) in Table I, is
the dominant thermalization process for neutrinos [4].
TABLE I: Neutrino reactions considered, including references.
Weak processa References
1 e− + p⇄ n+ νe [13]
2 e+ + n⇄ p+ ν¯e [13]
3 e− + (A,Z)⇄ (A,Z − 1) + νe [14]
4 ν +N ⇄ ν′ +N [12, 15]
5 ν + (A,Z)⇄ ν′ + (A,Z) [12, 15]
6 ν + e± ⇄ ν′ + e± [12, 16]
7 e− + e+ ⇄ ν + ν¯ [12]
8 N +N ⇄ ν + ν¯ +N +N [17]
aNote: ν = {νe, ν¯e, νµ/τ , ν¯µ/τ} and N = {n, p}
At the high density environment of a core-collapse su-
pernova, electron neutrinos are more strongly coupled
3to matter by process (1) than electron antineutrinos by
process (2) (see Table I). Hence, electron antineutrinos
decouple at generally higher densities than electron neu-
trinos. Moreover, heavy-lepton neutrinos do not interact
by charged-current processes at the relevant conditions
and are hence even less coupled to matter than elec-
tron antineutrinos; they decouple from matter at even
higher densities. Consequently, during the post-bounce
mass accretion phase when matter at neutrino decou-
pling is extremely neutron rich, the following hierarchy
holds for the average neutrino energies 〈Eνµ/τ 〉 & 〈Eν¯e〉 >
〈Eνe〉 [18–20].
The equation of state (EoS) in core-collapse super-
nova studies has to handle a variety of conditions that
relate to different nuclear regimes. It spans from isospin-
symmetric matter at low densities and temperatures
dominated by heavy nuclei up to supersaturation den-
sities where matter is extremely neutron rich and tem-
peratures reach several tens of MeV. AGILE-Boltztran
uses a flexible EoS module that allows for the use of a
large variety of currently available supernova EoS [21–
23]. For a comparison study of different supernova EoS,
see refs. [24, 25]. For the current study, we apply the
EoS from ref. [21] with compressibility K = 220 MeV
for matter at temperatures above T = 0.45 MeV. The
baryon EoS is then computed based on the ideal gas ap-
proximation. On top of the baryons, contributions from
electrons, positrons and photons are added [26].
III. WEAK PROCESSES WITH HEAVY
NUCLEI
A. Electron captures on heavy nuclei
Compared to previous studies performed with the
AGILE-Boltztran code we have improved the description
of electron capture by implementing the reaction rates for
electron captures on nuclei (process (3) in Table I) as de-
rived in ref. [14]. The authors of ref. [14] determined their
rate tabulation from individual capture rates for about
3000 nuclei, valid for matter in nuclear statistical equi-
librium (NSE). To derive the individual rates the authors
adopted a hierarchy of nuclear models to ensure the ap-
propriate description of the electron capture process at
all conditions of the collapse. In particular, the capture
rate for nuclei in the mass range A = 45−64 was derived
on the basis of the interacting shell model. It guaran-
tees an accurate and detailed description of the allowed
strength distribution [27] required to describe the elec-
tron capture rate at the moderate density conditions at
which these medium-mass nuclei dominate. The capture
rate for heavier nuclei with A = 65 − 120 were derived
within the framework of the Random Phase Approxima-
tion (RPA) with partial nuclear occupation numbers ob-
tained in large-scale Shell Model Monte Carlo (SMMC)
calculations at finite temperature [28–30]. These two
data sets have been supplemented by individual rates for
more than 2000 additional nuclei using an SMMC+RPA
approach, similar to the one introduced in ref. [31] but
with parametrized occupation numbers.
The authors of ref. [14] provide a table for the
electron-capture rates and neutrino spectra for a fixed
3-dimensional grid in temperature T , electron fraction
Ye, and density ρ, valid for NSE above T > 0.45 MeV.
We apply a linear interpolation scheme in these three
variables to determine the rates and spectra for the ap-
propriate astrophysical conditions.
B. Neutrino-antineutrino pair emission and
absorption
Emission and absorption of neutrino pairs is a process
that can potentially affect the dynamics of the core. In
this section we derive expressions for the rate of heavy-
nuclei de-excitation and excitation that can be used in
core-collapse supernova simulations. The decay rate of a
nucleus from a state with excitation energy E1 via emis-
sion of neutrino-antineutrino pairs of a particular flavor
is given by [8]:
λνν¯(E1) =
2pi
~
G2F g
2
A(4pi)
2
(2pi~c)6
∫ E1
0
dE2
∫ ∆
0
E2ν¯E
2
νdEν
1
(4pi)2
∫ +1
−1
dµν
∫ +1
−1
dµν¯ (1)
[1− fν(Eν , µν)][1 − fν¯(Eν¯ , µν¯)]
∫ 2pi
0
dϕν
∫ 2pi
0
dϕν¯S
down(E1,∆, cos θ),
where
∆ = E1 − E2 = Eν + Eν¯ , (2)
and GF is the Fermi coupling constant and gA the weak
axial-vector coupling constant. We account for the pres-
ence of neutrinos by including the neutrino and antineu-
trino distribution functions fν(Eν , µν) that due to our
assumption of spherical symmetry depend only on the
radius, energy and the cosine of the angle with respect
to the radial direction, µν , and not in the azimuthal an-
4gle, ϕν . S
down(E1,∆, cos θ) is the strength function con-
necting a state with excitation energy E1 to a state with
excitation energy E2 = E1 −∆ and θ the angle between
the emitted neutrino-antineutrino pair that is related to
the neutrino angles by:
cos θ = µνµν¯ +
√
(1− µ2ν)(1 − µ
2
ν¯) cosφ, (3)
(φ ≡ ϕν − ϕν¯) .
The first integral of equation (1) represents the contri-
butions of all the different states to which the excited
state can decay. Furthermore, we have included a factor
of (4pi)2 in front of the integrals that represents the value
of the angular integrals assuming isotropicity. Here, we
follow the standard convection in nuclear beta decay. We
can perform a change of variables, using equation (2), so
that the integrals are performed as a function of the neu-
trino and antineutrino energies:
λνν¯(E1) = λ0
∫ E1
0
dEν
∫ +1
−1
dµνE
2
ν [1− fν(Eν , µν)](4)
×
∫ E1−Eν
0
dEν¯
∫ +1
−1
dµν¯E
2
ν¯ [1− fν¯(Eν¯ , µν¯)]
×
1
(4pi)2
∫ 2pi
0
dϕν
∫ 2pi
0
dϕν¯S
down(E1, Eν + Eν¯ , cos θ),
where
λ0 =
G2F g
2
A
2pi3~(~c)6
. (5)
In order to obtain the total rate of neutrino-pair produc-
tion from heavy-nuclei de-excitations, all possible transi-
tions have to be included properly weighted by the appro-
priate Boltzmann factor and the level-density, ρ(E, J).
One then obtains:
λνν¯ =
1
Z(T )
∫ ∞
0
dE(2J + 1)ρ(E, J)λνν¯(E)e
−E/T (6)
with Z(T ) =
∫
dE(2J + 1)ρ(E, J)e−E/T , the partition
function. Using equation (4) and after changing the in-
tegration order we obtain:
λνν¯ = λ0
∫ ∞
0
dEν
∫ +1
−1
dµνE
2
ν [1− fν(Eν , µν)] (7)
×
∫ ∞
0
dEν¯
∫ +1
−1
dµν¯E
2
ν¯ [1− fν¯(Eν¯ , µν¯)]
×
1
(4pi)2
∫ 2pi
0
dϕν
∫ 2pi
0
dϕν¯ S
emi(T,Eν + Eν¯ , cos θ),
where we have introduced the thermal strength function
for emission of a neutrino-antineutrino pair:
Semi(T,Eν + Eν¯ , cos θ) =
1
Z(T )
∫ ∞
0
dE (8)
×(2J + 1)ρ(E, J)Sdown(E,Eν + Eν¯ , cos θ)e
−E/T .
The strength function, which connects states 1 and 2
(Sdown) with the energy relation E1 = E2 +∆, is associ-
ated to the strength function connecting states 2 and 1
(Sup) by detailed balance [32–34]:
(2J1 + 1)ρ(E1, J1)S
down(E1,∆, cos θ) = (9)
= (2J2 + 1)ρ(E2, J2)S
up(E2,∆, cos θ).
Note that the above expression is commonly used to re-
late the down and up gamma-ray strength functions in
the calculation of radioactive capture reactions [35]. We
obtain the following relationship between the thermal
strength functions for emission and absorption of a pair
of neutrinos:
Semi(T,Eν + Eν¯ , cos θ) = S
abs(T,Eν + Eν¯ , cos θ) (10)
× exp
(
−
Eν + Eν¯
T
)
,
where Sabs is related to Sup by an equation similar to
equation (8).
The total number of neutrino pairs produced per unit
of volume and time, Λνν¯ , is given by the decay rate for nu-
clear species i, called λiνν¯ , weighted with the total number
density of nuclei ni and summing over all nuclear species
present in the medium,
Λνν¯ =
∑
i
niλ
i
νν¯ (11)
In the Boltzmann representation of neutrino transport
this quantity is normally described by the pair-emission
kernel, Remi(Eν + Eν¯ , cos θ). The total rate for νν¯-
emission, based on the reaction kernel Remi, has the gen-
eral form,
Λνν¯ =
1
(2pi~c)6
∫ ∞
0
dEνE
2
ν
∫ +1
−1
dµν (1− fν(Eν , µν))
×
∫ ∞
0
dEν¯E
2
ν¯
∫ +1
−1
dµν¯ (1− fν¯(Eν¯ , µν¯))
×
∫ 2pi
0
dϕν
∫ 2pi
0
dϕν¯ R
emi(Eν + Eν¯ , cos θ). (12)
Comparing this expression with equation (7), we obtain:
Remi(∆, cos θ) =
2pi
~
G2F g
2
A
∑
i
niS
emi
i (T,∆, cos θ). (13)
The absorption kernel is related to absorption strength
by a similar expression. As a consequence of equation 10,
we obtain the general detailed balance expression for the
kernel [12]:
Remi(Eν + Eν¯ , cos θ) = R
abs(Eν + Eν¯ , cos θ) (14)
× exp
(
−
Eν + Eν¯
T
)
.
Finally, the de-excitation process is considered in the
Boltzmann transport equation [12, 20, 36] by adding an
appropriate contribution to the source term:
5BNDE[fν ] =
1
c(2pi~c)3
{
[1− fν(Eν , µν)]
∫ ∞
0
dEν¯E
2
ν¯
∫ +1
−1
dµν¯ [1− fν¯(Eν¯ , µν¯)]
∫ 2pi
0
dϕν¯R
emi(Eν + Eν¯ , cos θ)
−fν(Eν , µν)
∫ ∞
0
dEν¯E
2
ν¯
∫ +1
−1
dµν¯fν¯(Eν¯ , µν¯)
∫ 2pi
0
dϕν¯R
abs(Eν + Eν¯ , cos θ)
}
, (15)
with a similar equation for fν¯ , i.e. fν ↔ fν¯ . For the
particular case in which neutrinos escape freely from the
stellar core we can define the total (including all neutrino
flavors) nuclear de-excitation rate as:
λ =
3G2F g
2
A
60pi3~(~c)6
∫ ∞
0
E5S¯emi(T,E)dE. (16)
The factor 3 accounts for the three possible neutrino fla-
vors that can be produced in the decay and we have used
the fact that the strength function depends only on the
sum of neutrino energies to perform one of the energy in-
tegrations in equation (7). We have also introduced the
angle averaged thermal strength function:
S¯(T,E) =
1
(4pi)2
∫ +1
−1
dµν
∫ 2pi
0
dϕν
∫ +1
−1
dµν¯ (17)
×
∫ 2pi
0
dϕν¯S(T,E, cos θ)
Equivalently we can define the de-excitation energy loss
rate:
Q˙ =
3G2F g
2
A
60pi3~(~c)6
∫ ∞
0
E6S¯emi(T,E)dE. (18)
We can also define the neutrino (antineutrino) spectra,
i.e. the number of neutrinos per energy and time, pro-
duced by nuclear de-excitations by integrating over the
antineutrino (neutrino) energy as follows:
Nν(E) =
G2F g
2
A
2pi3~(~c)6
E2
∫ ∞
0
dEν¯E
2
ν¯ S¯
emi(T,Eν + Eν¯)
(19)
C. Strength function
To determine the neutrino-pair de-excitation rate we
have to determine the temperature, neutrino pair energy
and angle dependence of the thermal strength function
S(T,E, cos θ), see Eq. (8). As the process is expected to
be relevant at temperatures around 1 MeV and higher,
correspondingly at nuclear excitation energies above ∼
10 MeV, a state by state evaluation of the total rate is
prohibited due to the overwhelmingly large density of
levels involved. Hence one has to turn to an ‘averaged’
way in describing the respective strength function. Here
we will follow two alternative approaches.
In the first approach we follow the proposal of Fuller
and Meyer [8] which developed analytical expressions for
the emission and absorption thermal strength functions
using a Fermi gas model. The parameters where ad-
justed to reproduce the results obtained in an indepen-
dent single-particle shell model. Fuller and Meyer consid-
ered a strength distribution that consists of both allowed
and first-forbidden contributions and assumed different
angular dependence for each of them:
S(T,E, cos θ) = SA(T,E)PA(cos θ) (20)
+ SF (T,E)PF (cos θ).
We refer to the work of Fuller and Meyer [8] for the par-
ticular form of the strength functions, SA and SF , and
their dependence on nuclear mass and charge, A and Z
respectively. However, we used the angular dependence
of the functions PA and PF as:
PA(cos θ) = 1−
1
3
cos θ, PF (cos θ) = 1 (21)
which is differently normalized as defined by Fuller and
Meyer and has been chosen such that:
S¯emi(T,E) = SA(T,E) + SF (T,E), (22)
which is the angle-averaged thermal strength function,
see equation (17). With the angular dependence of equa-
tion (20), the azimuthal integral in the source term for
NDE can be performed to obtain:
BNDE[fν ] =
2pi
c(2pi~c)3
{
[1− fν(Eν , µν)]
∫ ∞
0
dEν¯E
2
ν¯
∫ +1
−1
dµν¯ [1− fν¯(Eν¯ , µν¯)]R
emi(Eν + Eν¯ , µν , µν¯)
−fν(Eν , µν)
∫ ∞
0
dEν¯E
2
ν¯
∫ +1
−1
dµν¯fν¯(Eν¯ , µν¯)R
abs(Eν + Eν¯ , µν , µν¯)
}
, (23)
6with
R(E, µν , µν¯) =
2pi
~
G2F g
2
A
∑
i
ni
[
SiA(T,E)
(
1−
µνµν¯
3
)
+ SiF (T,E)
]
(24)
In a recent work, Wendell Misch et al [10] have calcu-
lated allowed down strength functions for several nuclei
including 28Si, 47Ti and 56Fe at different excitation en-
ergies based on the diagonalization shell-model. In their
study they approximate the thermal strength to the one
obtained for an excitation energy equivalent to the aver-
age thermal excitation energy 〈E〉 determined assuming
a Fermi gas model, 〈E〉 = T 2A/8. This approach has
two main disadvantages. First, it violates detailed bal-
ance according to equation (10) and more importantly
for the calculation of de-excitation rates it results in a
sharp cutoff in the production of neutrino pairs of ener-
gies larger than the thermal average energy. The pro-
duction of these high-energy neutrinos is suppressed by
the Boltzmann factor but it is favored by the large phase
space dependence, see eq. (16).
In the following, we propose an alternative approach
which fulfills detailed balance by construction and ac-
counts for the production of neutrinos with energies
greater than the average thermal excitation. We derive
the thermal strength guided by experimental knowledge
of the allowed and forbidden strengths for nuclear ground
states. It is well known that the allowed (Gamow-Teller)
and forbidden (dipole) strength Sup on nuclear ground
states resides mainly in giant resonances [37]. This is
observed in (p, p′) [38, 39] (as well as in charge-exchange
experiments of N = Z nuclei [40, 41], which determine
Sup due to isospin symmetry). Much information about
giant resonances has been obtained from (e, e′) experi-
ments performed over the entire nuclear chart [42]. The
experiments have been supplemented by theoretical stud-
ies where in particular large-scale shell model calcula-
tions give a very fair account of the detailed structure
of the allowed strength distribution [43], while studies
of the forbidden strength is the domain of models like
the (Quasiparticle) Random Phase Approximation [44].
The experimental and theoretical studies indicate that
the allowed strength is concentrated in a giant resonance
with a centroid energy at about Ex = 8–10 MeV, reflect-
ing mainly an excitation of nucleons between spin-orbit
partner orbitals. As the dipole strength corresponds to
a transition between two adjacent major shells, its giant
resonance resides at somewhat higher excitation energies
with a centroid around Ex = 18–24 MeV. Both the giant
Gamow-Teller and dipole resonances are strongly frag-
mented over many states and the strength distribution
can be approximated by Gaussian distribution around
the respective centroids [45, 46].
We will assume that the giant resonances built on ex-
cited states are located at the same relative excitation
energy as for the ground state. This is commonly known
as Brink hypothesis and implies that the up strength at
any excitation energy is equal to the one of the ground
state, Sup(E,∆) = Supgs (∆). This approximation is com-
monly done in calculations of astrophysical reaction rates
based on the statistical model [47] and implies that the
thermal absorption strength becomes independent of the
temperature and is given by:
Sabs(T,∆) = Supgs (∆) (25)
However, we note that due to nuclear structure effects
(pairing, angular momentum mismatch etc.) and the low
density of levels, the upward strengths on the ground
state vanish or are strongly suppressed at low excita-
tion energies. This behavior is not expected for the up-
ward strength on excited states as they are populated
at the temperatures of interest for the neutrino pair de-
excitation process. We account for this expectation by
assuming that the strength is fragmented over a larger
energy range than for the ground state, while the total
strength is the same as for the ground state. Guided by
these assumptions we make the following ansatz for the
absorption thermal strength:
Sabs(∆) = SAg(∆, µA, σA) + SF g(∆, µF , σF ) (26)
where SA and SF are the total allowed and forbidden
strength and g is the normalized strength distribution
with centroid µ and standard deviation σ that we as-
sume to follow the Gaussian distribution. The total al-
lowed strength, SA = 5, is chosen in accordance with the
value found for nuclei in the iron region [48–50], while
the forbidden strength, SF = 7, is chosen guided by RPA
calculations [50, 51]. For the centroid and standard de-
viation we use µA = 9 MeV, σA = 5 MeV, µF = 22 MeV
and σF = 7 MeV. The emission thermal strength is then
obtained by applying detailed balance, see eq. (10). Our
ansatz should be considered as a simple approximation as
it neglects a temperature dependence of the width param-
eters and assumes the strength to be the same for all nu-
clei. At low temperatures we also expect deviations from
a Gaussian distribution caused by the discrete level struc-
ture for the allowed strength and the non-equilibration
of parity in the level density at low energies for the for-
bidden strength.
The top panels of Fig. 2 compare the absorption
strength function Sabs (see equation. 10) for the two ap-
proaches considered in our study. We use the composi-
tion given by the EoS at selected temperatures, densi-
ties and Ye values obtained from our simulations. The
strength function derived by Fuller and Meyer shows
rather distinct peaks for allowed and forbidden transi-
tions, while in our ansatz the strengths for these tran-
sitions are fragmented over a wider energy range. We
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FIG. 2: Strength for absorption (top panels) and emission (middle panels) of neutrino pairs based on the Fermi-gas model
of ref. [8] (green lines) and our approach (red lines, see text for a description) at temperatures of T = 0.7 MeV (left panel),
T = 1.5 MeV (middle panel), and T = 3.0 MeV (right panel). The corresponding conditions are listed in table II. The bottom
panels show the de-excitation rate versus energy, i.e. the integrand in Eq. (16).
note that the differences become quite pronounced at low
(E < 1 MeV) and high (E > 25 MeV) energies where the
strength suggested by Fuller and Meyer basically van-
ishes, while the Gaussian ansatz, expression 26, shows
noticeable strength. Furthermore, the Fuller and Meyer
approach [8] predicts a total strength that is proportional
to the number of nucleons. This explains the increase of
strength with temperature, as observed in Fig. 2, as the
nuclear composition moves to heavier nuclei with increas-
ing temperature in the supernova environment. Hence
the two cases considered here can be understood as ex-
treme cases for the absorption strength.
The middle panels of Fig. 2 shows the thermal emis-
sion strength functions Semi, which are obtained from
the thermal absorption functions by multiplication with
the Boltzmann factor exp(−E/T ). Due to this factor
the thermal emission strength is strongly depending on
temperature. Note that while our absorption strength
is independent on temperature and is the same for all
nuclei, the one suggested by Fuller and Meyer is weakly
depending on temperature and increases with increasing
nucleon number. We note that the differences in the two
absorption strength functions lead to quite strong devi-
ations in the emission functions. The emission functions
derived from the Gaussian absorption function shows a
continuous decrease with energy reflecting mainly the ex-
ponential decrease of the Boltzmann factor as the corre-
sponding absorption function varies only slowly in the
energy range of importance. As the absorption strength
suggested by Fuller and Meyer has very little strength
at vanishing energy, this energy range is also suppressed
in the emission strength functions, which show a pro-
8nounced peak at moderately low energies. We note that
there is also emission strength at energies above the ther-
mal average energy (denoted by 〈E〉 in the middle pan-
els for each temperature), due to thermal population of
states at higher energies. However, the Boltzmann factor
forces the emission strength to vanish at high energies.
Obviously the developing tail of the emission functions
depend on temperature and on the assumptions on the
absorption strength function.
The tails in the emission functions are more pro-
nounced in the de-excitation rate, i.e. the integrand of
equation (16). This quantity is shown in the bottom pan-
els of Fig. 2. One clearly observes that the production of
neutrinos with energies larger than the average nuclear
excitation energy is important. In particular at low tem-
peratures, T = 0.7 MeV, where 〈E〉 ∼ 5 MeV, the max-
imum of the pair de-excitation rate is located at higher
energies than the average excitation energy. Comparing
the results for the two strength function approaches at
T = 1.5 MeV, one finds that the Fermi-gas approxima-
tion [8] exhibits two peaks which can be associated with
the distinct allowed and forbidden transitions. At higher
temperatures (see the right panel of Fig. 2), forbidden
transitions even dominate the de-excitation rate. The
emission strength resulting from the Gaussian strength
function shows a single peak structure at all tempera-
tures due to the rather broad strength functions used in
our parametrization. However, it also predict an increas-
ing role of forbidden strength with increasing tempera-
ture.
D. Spectra comparison under supernova conditions
Figure 3 shows the (anti)neutrino spectra produced by
nuclear de-excitation (as defined in 19) and electron cap-
ture. The spectra are compared at three different stages
of the collapse phase, where we have chosen the temper-
atures to match those adopted in Fig. 2. We note that
the spectra do not include final-state Pauli blocking of
the neutrinos. Hence the de-excitation spectra basically
depend on temperature, with a density dependence aris-
ing for the nuclear Fermi gas results with its A-dependent
strength function due to the change of the nuclear compo-
sition. As the electron Fermi energy strongly depends on
density, the neutrino spectra produced by electron cap-
ture do as well. The three conditions chosen correspond
to the progenitor phase (upper panel), the stage of elec-
tron neutrino trapping (middle panel) and the late phase
before bounce where a transition to uniform nuclear mat-
ter is taking place. At all conditions, electron captures
produce neutrino spectra with significantly higher ener-
gies. This is confirmed in Table II in which we have sum-
marized the average neutrino energies produced by elec-
tron capture and for our two approaches to nuclear de-
excitation, assuming that the produced neutrinos leave
the star unhindered. To understand these results we note
that for electron capture the relevant energy scale is the
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FIG. 3: Total neutrino emission spectra comparing electron
captures on heavy nuclei [14] (red dash-dotted lines) and
heavy-nuclei de-excitation based on Fuller and Meyer [8] (blue
solid lines) as well as expression (26) (red dash-dotted lines),
at low (a), intermediate (b) and high temperatures/densities
(c), i.e. corresponding to entries in table II. In the bottom
panel, instead of electron captures we show the νν¯-emission
rate from N − N−Bremsstrahlung (magenta dotted line).
(color version online). For the upper and middle panel the
neutrino emission spectra have to be multiplied by the num-
ber shown in parenthesis.
electron Fermi energy, which grows from about 10 MeV
to 100 MeV in the density range covered by Figure 3
[6]. Hence this process produces on average higher-energy
neutrinos than nuclear de-excitation for which the aver-
age neutrino energies 〈E〉 ∝ T due to the dominance
of the Boltzmann factor exp(−E/T ) as explained above
in connection with Fig. 2. From Figure 3 and Table II
we observe that at the lower temperatures the Fermi gas
based model for nuclear de-excitation produces neutri-
nos with slightly lower average neutrino energies than
our Gaussian strength model, while it is the opposite for
9temperatures T & 1.5 MeV. As explained above this is
related to the stronger contributions of forbidden transi-
tions in the strength function of ref. [8].
The neutrino spectra shown in Fig. 3 are unnormal-
ized and the most important result is obtained by com-
paring the scales of the two processes, electron capture
and nuclear de-excitation, showing that the former ex-
ceeds the later by about 5 orders of magnitude. This
implies that electron captures will be the dominating
weak-interaction process for the global properties of su-
pernovae, while the importance of nuclear de-excitation
is constrained to the results concerning neutrino types
other than electron neutrinos. These expectations are
confirmed in our supernova simulations which we turn
to in the following section. Note that in Fig. 3 (c) we
show N −N−Bremsstrahlung, in addition to nuclear de-
excitation, which starts to become important as heavy
nuclei disappear at densities in excess of ∼ 1013 g cm−3.
TABLE II: Average energy of the neutrino produced by elec-
tron capture and nuclear de-excitations (νν¯), for selected con-
ditions during the collapse.
T (MeV) ρ (g cm−3) Ye 〈E〉
ecap (MeV) 〈E〉νν¯ (MeV)
Ref. [14] Ref. [8] This work
0.55 2.0× 1010 0.42 8.54 1.82 1.86
0.70 3.8× 1010 0.39 8.91 2.05 2.32
1.00 4.2× 1011 0.33 12.08 2.57 3.27
1.50 2.6× 1012 0.29 21.36 4.93 4.68
2.00 8.5× 1012 0.27 27.51 7.45 5.96
3.00 2.0× 1014 0.26 75.46a 9.21 9.04
aincludes only the contribution from e− captures on protons
Table II lists the expected average neutrino energies
from heavy-nuclei de-excitations (νν¯), assuming that all
neutrinos produced can leave the star. At tempera-
tures above 1.5 MeV, corresponding to densities above
1012 g cm−3, the average neutrino energies become larger
than 5 MeV, so that down-scattering of electrons be-
comes relevant, implying substantial changes for the neu-
trino spectra and making proper neutrino transport im-
portant. This expectation is confirmed by the results of
our simulations presented in the next section.
IV. SIMULATION RESULTS OF STELLAR
CORE COLLAPSE
In this section, we discuss results from core-collapse
supernova simulations of the 11.2 M⊙ progenitor [3], fo-
cussing on the effects of heavy-nuclei de-excitation by
neutrino pair emission. To this end, we have performed
three supernova simulations which differ only in their
treatments of the neutrino pair de-excitation process. In
two simulations we include nuclear de-excitation follow-
ing either the prescription of Fuller and Meyer [8] or
our Gaussian approximation model. The third simula-
tion serves as a control study, in which we have switched
off neutrino pair de-excitation. We use the extended
set of electron capture rates of Juodagalvis et al. [14]
in all our simulations. We note that our control run
yields results which agree quite well with those obtained
in refs. [29, 30], which used a subset of the Juoda-
galvis capture rates (consisting of the shell model and
SMMC+RPA rates of refs. [29, 52, 53]), indicating that
the extension of the electron capture rate set has only
small impact on supernova simulations. However, the
control simulation leads to a noticeable lower central elec-
tron fraction due to a longer deleptonization phase be-
fore heavy nuclei dissolve and also to a different electron-
fraction structure towards lower densities at core bounce
than obtained in studies based on the schematic descrip-
tion of electron capture provided by ref. [12].
The results of our three simulations are presented in
Fig. 4 and in Figs. 5-7. Figure 4 shows the time evolu-
tion of the neutrino luminosities (upper panel) and root
mean square (RMS) average energies (bottom panel) for
all neutrino flavors, determined at a distance of 1000 km.
Note that we determine the time of core bounce arbitrar-
ily as the moment when the maximum central density is
reached; i.e. it is the moment just before shock break
out. Figs. 5- 7 show core profiles of various quantities
before bounce.
Importantly we find in these figures that the global
quantities like temperature and electron fraction profiles
are the same in all three simulations (differences seen in
Fig. 4 are due to slight mismatches in the determination
of core bounce in the different runs and due different grid
resolutions). This implies that the neutrino pair heavy
nuclei de-excitation process has no impact on the global
supernova evolution. As expected from our discussion
above, the rates for electron captures on nuclei (and pro-
tons) dominate over those for the de-excitation process.
This is confirmed in Fig. 4 which shows that the lumi-
nosities of electron neutrinos, arising mainly from elec-
tron capture, are about 4 orders of magnitude larger than
those of heavy flavor neutrinos during the collapse phase.
We also find in Fig. 4 that the evolution of the νe lu-
minosities and RMS average energies are the same in all
three simulations: the luminosity increases from about
1051 erg s−1 to 1053 erg s−1 at νe trapping shortly before
core bounce caused by the increasing density which in-
creases the electron Fermi energy and the capture rates.
Relatedly the RMS average energies of νe neutrinos in-
crease between 〈Eνe〉rms = 6 − 10 MeV. Note that these
energies are much lower than those of the neutrinos di-
rectly produced by electron capture (see fig. 3) reflecting
the importance of down-scattering by interaction with
matter.
There is, however, an important difference between
electron capture and neutrino pair heavy nuclei de-
excitation which becomes noticeable during collapse.
The latter produces all neutrino types, while electron
capture is a pure source of electron neutrinos. Indeed
we find that the de-excitation process is the dominating
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FIG. 4: Evolution of neutrino luminosities and root mean
square average energies from a core-collapse supernova simu-
lations for which we include the production of neutrino pairs
from heavy-nuclei de-excitations, based on ref. [8] (green lines)
and the Gauss approximation expression (26) (red lines), in
comparison to a simulation that uses the standard set of weak
rates as listed in Table I (blue lines) and otherwise identical
input physics (color version online).
source of heavy-lepton flavor neutrinos and, to a lesser
extent, of electron anti-neutrinos during the collapse. At
high densities of order 1013 g cm−3 also nucleon-nucleon
bremsstrahlung becomes a source of neutrinos other than
νe. This process is also included in our control simula-
tion and it is clearly visible in Fig. 4 by the steep rise of
the νµ,τ and ν¯e luminosities at times of 1 ms just before
bounce. In the early phase of the collapse, i.e. at lower
temperatures and densities, neutrino pair production by
electron-positron annihilation is the dominating source
of ν¯e and νµ,τ , where, due to the charge-current con-
tribution the ν¯e luminosity is larger than for the heavy
neutrino flavors. As can be seen in Fig. 3 neutrino
pair heavy nuclei de-excitation becomes the dominating
process for the production of heavy flavor neutrinos and
electron antineutrinos. We find rather similar νµ,τ lu-
minosities during this period for the two different ap-
proaches considered: in either case the luminosity in-
creases from about 1047 erg s−1 up to 1049 erg s−1. Dur-
ing the same collapse phase the average energies of the
heavy flavor neutrinos increase slightly, however, their
values 〈E〉rms ≈ 2.2 − 3.5 MeV are noticeably smaller
than the average energies of νe neutrinos. (They are
also smaller than the average neutrino energies produced
in e+e− annihilation that is the only heavy lepton fla-
vor production mechanism in our reference simulation,
see discussion below.) As already noted above, we find
slightly larger average energies when using the Gaussian
model for the strength function than for the Fuller and
Meyer approach. In either case, these values are equiv-
alent to the free-streaming values listed in Table II for
core temperatures below ∼ 1 MeV which is the case un-
til about 10 ms before core bounce. Only slightly before
bounce when temperatures are reached in excess of about
1 MeV (and ρ > 5 × 1011 g cm−3), the average energies
start to rise significantly and their values obtained differ
from the free-streaming values. It points to the relevance
of neutrino-matter interactions also for heavy flavor neu-
trinos.
At core bounce where normal nuclear matter density
is reached, heavy nuclei dissociate into a state of homo-
geneous matter of nucleons and hence the production of
neutrino pairs from nuclear de-excitation disappears. At
shock formation and during the initial shock propagation
out of the stellar core, the infalling heavy nuclei that hit
the expanding shock wave also dissociate. Consequently
at the conditions behind the expanding shock front, weak
processes are determined by interactions with free neu-
trons and protons. Hence, the inclusion of heavy-nuclei
de-excitations has no impact on the supernova dynamics
or the neutrino signal after core bounce, e.g., in terms of
the energy loss such as suggested in ref. [8]. Although a
small fraction of heavy nuclei exist ahead of the expand-
ing bounce shock before being dissociated, the conditions
are such that other pair processes dominate over the pair
production from nuclear de-excitation. Moreover, the su-
pernova dynamics is dominated by charged-current pro-
cesses on free nucleons behind the bounce shock in the
dissociated regime. Consequently, neutrino pair heavy-
nuclei de-excitations has no impact in the entire post-
bounce period and the evolution of the neutrino luminosi-
ties and average energies in our three simulation become
identical.
Figs. 5-7 show core profiles of important global quan-
tities like temperature, density and the mean values for
the charge 〈Z〉 and mass number 〈A〉 of the nuclear com-
position at selected snapshots during the collapse. Addi-
tionally we have plotted the luminosities and average en-
ergies of the various neutrino types and the total rates of
all neutrino pair production processes (processes (7)–(9)
in Table I and nuclear de-excitation) which are relevant
for the production of heavy flavor neutrinos and electron
antineutrinos during the collapse. Figs. 5-6 reflect situ-
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FIG. 5: Radial profile of selected quantities at about 50 ms
before core bounce, comparing simulations for which we in-
clude the production of neutrino pairs from heavy-nuclei de-
excitations, based on ref. [8] (green lines), and the Gauss ap-
proximation expression (26) (red lines), in comparison to a
simulation that uses the standard set of weak rates as listed
in Table I (blue lines) and otherwise identical input physics
(color version online).
ations before and after onset of (electron) neutrino trap-
ping in the core with central densities ≤ 1011 g cm−3
and a few 1012 g cm−3, respectively. Fig. 7 shows pro-
files close to core bounce when the central density has
reached values of a few 1013 g cm−3.
As our calculations involve dynamically adapting grids,
comparisons between the three calculations with and
without consideration of nuclear de-excitation are not
straightforward. We have chosen the snapshots from our
three simulations such to match the core density profile.
We then find that the profiles of the global quantities
(T, ρ, 〈Z〉, 〈A〉) are the same, independent whether nu-
clear de-excitation is considered in the simulation or not,
again confirming that this neutrino pair process has no
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FIG. 6: The same configuration as Fig. 5 but at about 3.5 ms
before core bounce (color version online).
influence on the supernova dynamics. Note the slight
mismatches in the central quantities, which are due to
the not perfect matching of the evolutionary stages of
the different simulations. We further observe from the
snapshot figures that, due to electron captures on nuclei,
the nuclear composition is shifted to more massive nu-
clei with larger neutron excess with progressing collapse.
We have used this fact already to explain the differences
in the rates and spectra calculated for the two nuclear
de-excitation models considered in our simulation.
In our control study, without consideration of nu-
clear de-excitation, ν¯e and νµ,τ are produced by electron-
positron annihilation and, at the high densities reached
just before bounce in the center, by nucleon-nucleon
bremsstrahlung (see Fig. 4). In Fig. 5 we observe that
the electron-positron annihilation rate is restricted to the
density regime roughly between 106 − 1010 g cm−3. In
this regime the rate is proportional to the product of
number densities of electrons and positrons, ne−ne+ ∼
µ3eT
3 exp{−µe/T }. As the electron chemical potential
12
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FIG. 7: The same configuration as Figs. 5 and 6 but at about
1.5 ms before core bounce (color version online).
µe, which is roughly proportional to the third root of
the density, grows faster during the collapse than the
temperature, the exponential factor throttles the pair
production by e+e− annihilation. Due to the charged
current contribution the production rate of electron neu-
trino pairs is larger than the one of the other two flavors.
Below 1010 g cm−3, nuclear de-excitation increases the
production rate of neutrino pairs, where the relative im-
portance is larger for the heavy flavor neutrinos than for
electron neutrinos, due to the larger e+e− production
rate of the latter. For densities in excess of 1010 g cm−3
the production of heavy flavor and electron antineutri-
nos is basically only due to nuclear de-excitation. The
pattern of the rate follows closely the one of temperature
(the relevant parameter for the nuclear de-excitation rate
which is proportional to T 6). The decrease of tempera-
ture towards the center is a consequence of the cooling
by weak processes and it is is the origin of the asso-
ciated decrease of the deexcitation rate. The average
neutrino energies produced by electron-positron annihi-
lation shows a strong increase by about 1 MeV at a core
radius of a few 100 km. This rise correlates with the
strong change in temperature. However, in this range
the e+e− rate is strongly suppressed by the exponential
factor, and neutrinos produced by nuclear de-excitation
dominate. These neutrinos have smaller average energies
than those produced by e+e− annihilation. As a conse-
quence, the average neutrino energies calculated in our
simulations with the inclusion of nuclear de-excitation
are noticeable smaller than those found in the control
calculation. Consistent with the discussion presented in
Section III, we find that the nuclear de-excitation rate is
larger using the model of Fuller and Meyer than using the
Gauss approximation model, while the average neutrino
energies are smaller.
Fig. 6 shows a snapshot of the core profiles after onset
of electron neutrino trapping in the center. Also under
these conditions electron-positron annihilation and nu-
clear de-excitation are the two important neutrino pair
production processes. As, however, the temperature has
raised significantly in the inner part (less than∼ 500 km),
the relative weight of the two processes has changed sig-
nificantly due to their different dependence on tempera-
ture. While pair production from e+e− annihilation still
occurs at distances of order 1000 km (where the tem-
perature has not noticeably changed), the temperature
rise further inside causes an increase of the nuclear de-
excitation rate by more than an order of magnitude (note
the change of scales between Figs. 5 and 6). This makes
e+e− negligible for the determination of the spectra of
neutrinos emitted from the core and as a consequence
the average energies of the emitted ν¯e and νµ,τ became al-
most identical around 10 ms before bounce (see figure 4).
In particular, the rate for production of heavy flavor
neutrinos follows the temperature profile and increases
continuously towards the center. This is not the case
for electron antineutrinos where the trapping of electron
neutrinos at densities in excess of a about 1011 g cm−3
hinders the production of νeν¯e pairs. The trapping also
affects the spectra of ν¯e. The presence of trapped elec-
tron neutrinos favors the production of νeν¯e pairs with
low energy antineutrinos. Hence the respective average
energies of ν¯e are lower than for heavy flavor neutrinos at
the high energies where electron neutrinos are trapped.
At lower densities the different neutrino types have quite
similar average neutrino energies, reflecting the fact that
nuclear de-excitation dominates as neutrino pair produc-
tion source. Comparing the results obtained from the
two different approaches describing nuclear de-excitation,
we find that the Gaussian approximation implies slightly
larger average neutrino energies than the Fuller-Meyer
ansatz, except at the highest temperatures and densi-
ties where the tail in the neutrino spectrum, as visible in
the middle panel of Fig. 3, leads to a stronger increase
of the average neutrino energies using the Fuller-Meyer
approach. Note that although the nuclear de-excitation
rate increases towards the higher densities in the cen-
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ter, neutrino-matter interactions affect the transport of
heavy-lepton flavor neutrinos at densities in excess of a
few 1011 g cm−3 (see the decreasing average energies to-
wards lower densities in Fig. 6). As a consequence the
average energies of the neutrinos emitted from the core
(see figure 4) is substantially lower than the energy of
neutrinos produced in the center.
A snapshot of the core profiles before bounce are shown
in Fig. 7. The striking feature here, compared to the
other two snapshots presenting earlier collapse phases,
is the strong increase of temperature in the inner cen-
ter at radii less than about 50 km, where the densi-
ties exceed 1012 g cm−3. At these densities nucleon-
nucleon bremsstrahlung contributes to the production of
neutrino-pairs leading to a sizable increase in the produc-
tion rate of heavy flavor neutrinos in the control simula-
tion (see the inset in the lower right panel of Fig. 7). Nev-
ertheless the high temperatures accelerate the production
rate of heavy flavor neutrinos by nuclear de-excitation
which dominate over the N −N bremsstrahlung rate by
more than an order of magnitude in this inner core. The
inset also clearly demonstrates the suppression of elec-
tron neutrino pair production in the density range where
electron neutrinos are trapped. As discussed above, neu-
trino matter interactions effects the neutrino transport
in the high-density regime, causing the peak in the lu-
minosity of heavy flavor neutrinos and producing a drop
in the average neutrino energies with increasing radius
as neutrinos are down scattered by scattering with elec-
trons. Finally we observe that the nuclear de-excitation
rate obtained for the Fuller-Meyer approach is noticeably
larger than for the Gauss approximation which is related
to the assumed 〈A〉-dependence of the former rate and
its stronger contribution of forbidden strength.
We mention that inelastic neutrino scattering off nu-
clei, which is not included in our simulations, might con-
tribute to the thermalization of neutrinos [4]. For νe this
process increases the energy exchange with matter by
about 30%. As heavy flavor neutrino scattering on elec-
trons can only occur by neutral current, i.e. missing the
exchange term present for electron neutrinos, the relative
contribution of inelastic neutrino scattering on nuclei is
expected to be larger than for electron neutrinos.
Can the neutrinos produced by nuclear de-excitation
be observed by neutrino detectors? As discussed above,
this process is the main source of (µ, τ) (anti)neutrinos
during collapse. However, the associated neutrino en-
ergies are low so that neutral current reactions are
the only mean to detect these neutrino flavors by
earthbound detectors. Moreover, as the luminosity of
νe produced by electron captures is several orders of
magnitude larger, experimental identification of (µ, τ)
(anti)neutrinos seems impossible. This argument is
strengthened by the fact that the νe average ener-
gies are also significantly higher than those of (µ, τ)
(anti)neutrinos, prohibiting an experimental identifica-
tion above a certain energy cut. In contrast to the core-
collapse phase, this appears to be possible during the
cooling of the proto-neutron star, where heavy-lepton fla-
vor neutrinos have generally higher average energies than
νe. The low luminosity and average energy of ν¯e and
(µ, τ) (anti)neutrinos produced by nuclear de-excitation,
will most likely prevent direct observation. However, the
situation might be different if, in case of (complete) neu-
trino oscillations, νe and νµ,τ neutrinos swap their spec-
tra [54]. In such case an observation of “νµ,τ” neutrinos
might become possible based on charged-current reac-
tions as detection tools.
V. SUMMARY AND CONCLUSIONS
The emission of neutrino-pairs from the de-excitation
of highly excited states in heavy nuclei had been proposed
as a potential additional cooling source for core-collapse
supernovae. We have tested this suggestion by perform-
ing supernova simulations which, for the first time, con-
sider neutrino-pair nuclear de-excitation. In this article,
we discussed this novel process based on two different
approaches. First, we adopted the ansatz put forward
by Fuller and Meyer [8] which describes the relevant de-
excitation strength function on the basis of the Fermi-gas
model of independent nucleons. In a second approach,
we have derived the de-excitation strength function from
the inverse absorption process exploiting the principle of
detailed balance, and describing the absorption strength
function in a parametrized form guided by experimen-
tal data. These two choices of strength functions are
quite distinct in their predictions about the importance of
forbidden contributions to the strength, the energy cen-
troids of the allowed and forbidden contributions, and
the dependence of the total strength on details of the
nuclear composition. However, when incorporated in the
derivation of the neutrino-pair nuclear de-excitation rate,
both approaches lead to qualitative similar results.
Contrarily to previous expectations, we find that nu-
clear de-excitation have basically no impact on the global
supernova properties. In particular, this novel weak pro-
cess leaves no imprint on the dynamics of the entire core-
collapse supernova evolution up to several 100 ms post
bounce. To this end, we have performed supernova simu-
lations in spherical symmetry based on general relativis-
tic radiation hydrodynamics and three-flavor Boltzmann
neutrino transport, including nuclear de-excitation for
both different approaches of the strength function. Com-
pared to a reference simulation, where only the standard
set of weak rates is considered, no impact on the dynam-
ical evolution, e.g. on temperature (and entropy) was
found. We find that electron capture on nuclei remains
to be the dominating source of energy loss through most
of the infall epoch, however, producing only electron neu-
trinos.
On the other hand, nuclear de-excitation produces neu-
trino pairs of all flavors. As correctly pointed out by
Fuller and Meyer [8], this process produces heavy-lepton
flavor neutrinos and electron antineutrinos during the
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collapse phase. In standard supernova simulations, the
production of these neutrino pairs is governed mainly by
electron-positron annihilation resulting in low luminosi-
ties during the contraction of the stellar core. Including
nuclear de-excitation rises their luminosities significantly
but they are still lower by several orders of magnitude
than the one for electron neutrinos produced by elec-
tron captures. This is related to the significantly smaller
pair-production rates from nuclear de-excitation, com-
pared to electron captures, for most of the core-collapse
phase. Only a few milliseconds before core bounce, when
the matter temperatures reach 3–5 MeV, the strong T -
dependence of nuclear de-excitation leads to a strong rise
of the local pair-production rate. Moreover, the locally
produced neutrinos from nuclear de-excitation, in partic-
ular (νµ,τ ), interact noticeable with matter. These are
mainly inelastic scattering on electrons (and potentially
by inelastic scattering with nuclei which has not been
considered in our simulations). It makes the proper treat-
ment of neutrino transport also essential for heavy-flavor
neutrinos during the core-collapse phase. As a result of
the interactions with matter, heavy-flavor neutrinos pro-
duced at sufficiently high densities thermalize their spec-
tra, similar as νe neutrinos, until they can escape the
collapsing stellar core. They have lower average ener-
gies than electron neutrinos which, together with their
significantly lower luminosities, makes their detection in
absence of neutrino-flavor oscillation scenarios very diffi-
cult.
We mention that in the present simulations inelastic
neutrino scattering off nuclei is not included. In ref. [4]
it has been argued that for νe this process increases the
energy exchange with matter by about 30%. For (µ, ν)
(anti)neutrinos the relevance of inelastic neutrino-nucleus
scattering might be larger, considering that the rate for
inelastic neutrino scattering on electrons is noticeably
smaller for heavy flavor neutrinos than for electron neu-
trinos, while inelastic neutrino-nucleus scattering rate is
the same for all flavor types.
Electron neutrinos start to become trapped at densi-
ties around 1011 g cm−3, above which also the production
of ν¯e from heavy-nuclei de-excitation sees. Such densities
are reached only very shortly, a few milliseconds, before
core bounce. Hence the timescale for the continued pro-
duction of heavy-lepton flavor neutrinos, which are not
trapped, is not efficient enough to impact the very fi-
nal evolution until core bounce. At densities of a few
times 1013 g cm−3, which corresponds to temperatures
of roughly 4 MeV, other neutrino-pair processes such as
nucleon-nucleon bremsstrahlung starts to contribute be-
sides nuclear de-excitation. They produce neutrinos at
significantly higher energies and at higher luminosity. At
even higher temperatures, when the core reaches corre-
spondingly nuclear matter densities and where heavy nu-
clei dissolve, weak processes with free nucleons dominate.
In particular, neutrino pairs are no longer being produced
by nuclear de-excitation. This holds for the entire post-
bounce phase which is dominated by mass accretion prior
to the possible onset of an explosion, where temperatures
and entropies behind the bounce shock are so high that
heavy nuclei cannot exist.
Note that the nuclear description applied here to de-
duce reaction rates for the de-excitation of heavy nuclei
by the emission of neutrino-pairs is rather crude. Never-
theless, we do not expect that an improved treatment of
nuclear structure relevant for this weak-interaction pro-
cess will significantly alter our conclusions.
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